ABSTRACT An experiment was conducted to investigate the effect of dietary antioxidants and storage on fatty acid profile, oxidative stability, and vitamin E concentration of n-3 fatty acid-enriched eggs. Eggs (384, 48/diet) were collected from ISA Brown layers fed diets containing corn-soy (control) with 100 g/kg of flax seed and 2 types of antioxidants [α-tocopherols (α-TOC) and butylated hydroxytoluene (BHT)] at 0, 50, 100, or 150 IU or mg/kg. Eggs were stored at 4°C. On d 0, 20, 40, and 60 of storage, 2 eggs were selected randomly from each replicate (totaling 12 eggs per treatment) and analyzed. Eggs from hens fed flax had increased α-linolenic (18:3n-3), eicosapentaenoic (20:5n-3), and docosahexaenoic acids (DHA, 22:6n-3) and decreased arachidonic acid (20:4n-6) and total n-6:n-3 ratio when compared with control eggs (P < 0.05). The n-6:n-3 fatty acid ratio was lowest in the flax + 50 IU of α-TOC, flax + 100 IU of α-TOC, and flax + BHT supplemented group when compared with the flax group (P < 0.05). With the exception of flax + 100 mg of BHT, addition of antioxidants led to a reduction in palmitic acid in fresh eggs (P < 0.05). During the first 20 d of storage, over a 17% reduction in total n-3 fatty acids was observed in eggs from flax + 50 mg of BHT supplemented groups (P < 0.05). Docosahexaenoic acid was the predominant long-chain n-3 fatty acid in egg and was stable during storage in the control, flax, flax + 100 IU of α-TOC, flax + 150 IU of α-TOC, and flax + 150 mg of BHT groups. However, antioxidant supplementation had no effect on DHA upon storage in flax + 50 IU of α-TOC and flax + 50 mg of BHT eggs where over 13 to 17% reduction in DHA content was observed during 20 to 60 d of storage (P < 0.05). Inclusion of α-TOC led to over 4.5-to 12-fold increases in α-TOC in eggs. Egg storage for 40 d or longer led to over 50% reduction in egg α-TOC (P < 0.05). Feeding flax seeds led to an increase in TBA reactive substances in eggs (P < 0.05). α-Tocopherol was better in preventing lipid oxidation than BHT at d 0 of storage. However, neither had a significant effect on egg TBA reactive substances upon 60 d of storage (P > 0.05). These studies demonstrate that the level and type of antioxidants and duration of egg storage significantly affected the fatty acid profile, α-TOC status, and oxidative stability of chicken eggs.
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INTRODUCTION
The role of essential fatty acids such as linoleic (18:2n-6) and α-linolenic (18:3n-3) acids and their longchain n-6 and n-3 polyunsaturated fatty acid (PUFA) metabolites in human and animal health, growth, and development is a topic of continued interest. Dietary n-3 fatty acids are contributed through marine foods and oils from terrestrial sources such as flax and canola.
Due to limited intake of n-3 PUFA in the human diet, different strategies to produce animal food products with higher concentration of these fatty acids have been attempted in the past decade (Cherian, 2002; Kang, 2008) . Among the different animal products investigated for n-3 fatty acid enrichment, the chicken egg has been the most reported, realistic, and successful way to incorporate n-3 fatty acids into the human diet. This is attributed to the egg fatty acid content (>4 g) and the high turnover of lipids and lipoprotein in the laying hen causing abrupt changes in yolk lipids within a short period (Leskanich and Noble, 1997; Baucells et al., 2000; Cherian, 2009) .
Incorporating different marine or vegetable oils (e.g., flax), oil seeds, or meals (plant or marine-derived) in the layer diet has been reported to enhance n-3 fatty acid contents of chicken eggs (Gonzalez-Esquerra and Leeson, 2000a; Cherian, 2008) . Among the different feedstuffs, flax seed, owing to its ME value (>2,000 kcal/kg), protein (>22%), fat (>38%), and α-linolenic acid (>50%) content, is the most common ingredient used for n-3 fatty acid-enriched egg production (Cherian and Sim, 1991; Lee et al., 1995; Gonzalez-Esquerra and Leeson, 2000b) . However, enrichment of eggs with n-3 fatty acids perpetuates the extent of fatty acid unsaturation, leading to oxidative damage of yolk lipids and overall reduction in egg quality. This phenomenon is aggravated during storage, affecting egg organoleptic aspects (Ahn et al., 1995) . Therefore, to maintain egg quality and fatty acid stability during storage, it is essential to prevent or minimize lipid oxidation.
Antioxidants are generally added to the hens' diet to minimize lipid oxidation and to enhance consumer acceptance of n-3 fatty acid-enriched eggs (Qi and Sim, 1998; Galobart et al., 2001) . Antioxidants can be categorized into 2 main classes, synthetic and natural antioxidants, and are frequently used in the food industry to prevent oxidation of lipids. Currently, a limited number of antioxidants are available that pose a major challenge for the food or feed industry to use them more efficiently. The effect of natural antioxidants such as α-tocopherols (α-TOC) on lipid oxidation products in stored eggs has been reported by several authors (Wahle et al., 1993; Cherian et al., 1996) . However, the effect of natural versus synthetic antioxidants and their levels on fatty acid stability, α-TOC contents, and lipid oxidation products in n-3 PUFA-enriched eggs during storage is limited. In this context, the current experiment investigated the effects of dietary antioxidants (natural vs. synthetic) at 3 different levels on fatty acid profile, oxidative stability, and vitamin E concentration of n-3 fatty acid-enriched eggs throughout a 60-d refrigerated storage period.
MATERIALS AND METHODS

Birds and Egg Collection
A total of 120 ISA Brown layer pullets were distributed randomly to the experimental diets. Two hens housed in 1 experimental cage (38 × 41 cm) were considered as 1 replicate. Six replications were made for each diet. Eight experimental diets, formulated according to standard specifications for ISA Brown layers, were as follows: control = a corn-soybean meal-based diet with no added antioxidants; flax = control diet + 10% flax and no added antioxidants; flax + 50 IU of α-TOC = control + 10% flax + 50 IU of α-TOC; flax + 100 IU of α-TOC = control diet with 10% flax + 100 IU of α-TOC; flax + 150 IU of α-TOC = control diet with 10% flax + 150 IU of α-TOC; flax + 50 mg of butylated hydroxytoluene (BHT) = control diet with 10% flax + 50 mg/kg of BHT; flax + 100 mg of BHT = control diet with 10% flax + 100 mg/kg of BHT; flax + 150 mg of BHT = control diet with 10% flax + 150 mg/ kg of BHT. The diets were mixed every 2 wk and were stored in a cold room (4°C) in airtight containers. Each diet was randomly fed to 6 replicate pens. Water and feed were provided ad libitum. The experimental diets were fed for a period of 56 d. The birds were maintained on a 16L:8D photoperiod and standard conditions of temperature and ventilation as per Oregon State University Poultry Farm standard operating procedures. A total of 384 eggs (48 per diet, 8 per replicate) were collected after 8 wk of feeding the experimental diets. These eggs were kept in fiber flats at 4°C for 60 d in a way that all eggs were equally exposed to air. Length of storage times were selected to simulate likely duration of consumer storage of shell eggs. On d 0, 20, 40, and 60 of storage, 2 eggs were selected randomly from each replicate (totaling 12 eggs per treatment). Egg yolks were separated and an aliquot was taken for fatty acid profile, vitamin E concentration, and lipid oxidation products, measured as TBA reactive substances (TBARS).
Egg Lipid Extraction and Fatty Acid Methyl Ester Preparation and Analyses
Total lipids were extracted using chloroform:methanol (2:1) by the method of Folch et al. (1957) . Fatty acid methyl esters were prepared from total lipid extract using methanolic HCl as the derivatizing agent and were extracted with hexane. Analyses of fatty acid methyl esters were performed with an Agilent 6890 gas chromatograph (Agilent Technologies Inc., Palo Alto, CA) equipped with an autosampler, flame ionization detector, and fused silica capillary column, 100 m × 0.25 mm × 0.2 μm film thickness (Sp-2560, Supelco, Bellefonte, PA). Samples (1 μL) were injected with helium as a carrier gas. Chromatographic conditions were reported earlier (Hayat et al., 2009) . Peak areas and fatty acid percentages were calculated using Agilent ChemStation software (version A0803, Agilent Technologies). Fatty acid methyl esters were identified by comparison with retention times of authentic standards (Matreya, Pleasant Gap, PA). Fatty acid values and total lipids were expressed as percentage of total fatty acids. An internal standard (C23:0) was used for fatty acid quantification.
α-TOC Assay
Egg yolk α-TOC was analyzed by HPLC as per Podda et al. (1996) protocol with some modifications as reported by Hayat et al. (2009) . A Shimadzu LC-2010 HT HPLC system was used with a LC2010 AHT High Speed Autosampler (Shimadzu, Columbia, MD). A Supelguard LC-18 guard column (Supelco) and 97.5% methanol as a mobile phase at a 1.0 mL/min flow rate were used. Detection was performed with a Shimadzu RF-535 fluorescence detector at an excitation wavelength of 295 nm. A Shimadzu EZStart 7.3 chromatography data system was used to integrate peak areas. Concentration of α-TOC was calculated by comparing α-TOC peak with peak areas of the internal standard (rac-5,7-dimethyltocol) and quantified by using authentic standards (dl-α-TOC, MP Biomedicals, Solon, OH).
TBARS Assay
Egg yolk (2 g) was homogenized with 3.86% perchloric acid. Butylated hydroxytoluene (50 μL in 4.5% ethanol) was added to each sample during homogenization to control lipid oxidation. The homogenate was filtered and the filtrate was mixed with 20 mM TBA in distilled water and incubated. Absorbance was determined at 531 nm (UV160U, Shimadzu Corporation, Kyoto, Japan). Thiobarbituric acid reactive substances were expressed as milligrams of malondialdehyde (MDA) per gram as reported by Cherian et al. (2007) .
Statistical Analysis
Data were analyzed by 2-way ANOVA in which treatment and storage day were the main factors (Steel et al., 1997 ). An ANOVA was performed by PROC GLM (SAS version 9.1, SAS Institute, Cary, NC). The statistical model for analysis was as follows: Y ij = μ + α i + β j + α i β j + ε ij , where Y ij = variable measured for the jth replicate; μ = overall mean, α i = effect as a result of the ith treatment; β j = effect as a result of the jth storage day; α i β j = interaction of ith treatment and jth storage day; and ε ij = random error term. Mean values are reported and considered significant at P ≤ 0.05. In case of significant differences, Duncan's multiple range test was employed to compare differences among means obtained during different treatments.
RESULTS AND DISCUSSION
The feed ingredient content and fatty acid composition of the diet have been reported elsewhere (Hayat et al., 2009 ). The laying hen diets were isocaloric and isonitrogenous and provided 2,751 kcal/kg of ME and 16.5% CP as per ISA guidelines for brown layers. α-Linolenic acid constituted 3.0 and 32.6% of total fatty acids and n-6:n-3 fatty acid ratio of the diets was 19.0 and 1.1 for the control and flax diets, respectively.
Egg Fatty Acids: Effect of Diet and Storage
The effects of feeding flax seed with different antioxidants and storage on egg fatty acids are presented in Table 1 and 2. Palmitic acid (16:0) was the major saturated fatty acid in the egg followed by stearic acid (18:0). With the exception of flax + 100 mg of BHT, addition of antioxidants led to a reduction in palmitic acid in d 0 eggs compared with control eggs (P < 0.05). Storage had no effect on the concentration of palmitic acid in eggs (P > 0.05). However, stearic acid was reduced in d 20 control, flax, flax + 50 IU of α-TOC, and flax + 150 mg of BHT eggs compared with d 0 eggs from the same treatment (P < 0.05). Total saturated fatty acids were lowest in d 0 eggs from flax + α-TOC and flax + 50 mg of BHT (Table 2 ). Due to links between dietary lipids, saturated fat, cholesterol, and coronary heart diseases, fresh eggs from flax + α-TOC or flax + 50 mg of BHT with low levels of saturated fatty acids may reduce the human dietary intake of saturated fatty acids while providing essential n-3 fatty acids and α-TOC for the human diet. Storage effects on total saturated fatty acids were varied. On d 20, a reduction in total saturated fatty acids was observed in control, flax, flax + 50 IU of α-TOC, flax + 100 mg of BHT, and flax + 150 mg of BHT eggs (P < 0.05). However, on d 40, reductions in total saturated fatty acids were observed only in control and flax + 150 mg of BHT eggs (P < 0.05). Oleic acid (18:1) constituted more than 90% of total monounsaturated fatty acids in eggs. Addition of 50 IU of α-TOC or 100 mg of BHT to flax seed led to an increase in oleic acid when compared with flax in d 0 eggs (P < 0.05). During storage (d 20 through 60), an increase (>4 to 9%) in oleic acid content in control, flax, and flax + 100 IU of α-TOC was observed (P < 0.05).
Eggs from hens fed flax had increased α-linolenic and docosahexaenoic acids (DHA, 22:6n-3) and reduced arachidonic acid (20:4n-6) and total n-6:n-3 ratio when compared with control eggs (P < 0.05; Tables 1 and 2) . These results corroborated previously reported research on feeding flax to laying hens (Cherian and Sim, 1991) . The greatest change in n-6:n-3 fatty acid ratio occurred in eggs from hens fed flax + antioxidants. Dietary n-6 and n-3 fatty acids are metabolized to long-chain n-6 and n-3 fatty acids by ∆ 6 -, ∆ 5 -, and ∆ 4 -desaturases and elongases. The n-6:n-3 fatty acid ratio was lowest in flax + α-TOC and flax + BHT supplemented groups when compared with the flax (no antioxidant) group, suggesting a role of antioxidants in modulating the desaturase and elongase pathway in a favorable way. An exception occurred in flax +150 IU of α-TOC, in which no difference in n-6:n-3 fatty acid ratio was observed when compared with the flax group (P > 0.05). Dietary α-TOC have been shown to increase long-chain n-3 fatty acids such as eicosapentaenoic acid and DHA in eggs affecting the n-6:n-3 fatty acid ratio (Cherian et al., 1996; Grune et al., 2001) . Therefore, the type and level of antioxidants in the hen's diet may affect desaturases and antioxidant defense systems affecting the n-6:n-3 fatty acid ratio in chicken eggs.
α-Linolenic acid, a precursor of long-chain n-3 fatty acids, was not affected by storage (P > 0.05). An exception occurred in the flax + 150 mg of BHT group, in which d 20 and 40 eggs had higher α-linolenic acid con-tent than d 0 and 60 eggs (P < 0.05). Docosahexaenoic acid was the predominant long-chain n-3 fatty acid in egg and was stable during storage in control, flax, flax + 100 IU of α-TOC, flax + 150 IU of α-TOC, and flax + 150 mg of BHT eggs. However, antioxidant supplementation had no effect on egg DHA upon storage in flax + 50 IU of α-TOC and flax + 50 mg of BHT eggs, in which over a 13 to 17% reduction in DHA content was observed during 20 to 60 d of storage (P < 0.05). Total long-chain n-3 fatty acids were reduced (>11 to 17%) in d 20 and 40 storage in flax + 50 mg of BHT eggs (P < 0.05). No effect of storage on egg linoleic acid (18:2n-6) was observed except for flax + 150 IU of α-TOC, in which 20 d of storage led to a reduction in linoleic acid content (P < 0.05). Reduction in arachidonic acid content during 60 d of storage in the antioxidant-supplemented groups varied from 5 to 10% compared with over 18% in the flax group. The reduction in long-chain n-6 PUFA in flax + 150 IU of α-TOC eggs during storage suggests that dietary antioxidants were not effective in minimizing the degradation of PUFA in eggs stored for 60 d. Although ratios of total saturated fatty acids to total PUFA and n-6 to n-3 fatty acids were significantly different due to dietary treatments, these ratios were unaffected by storage and diet storage interaction (P > 0.05). An exception occurred in flax + 150 IU of α-TOC, in which a reduction in total saturated fatty acids to total PUFA was observed at storage (P < 0.05).
Egg α-TOC: Effect of Diet and Storage
α-Tocopherol concentration analyzed for diet and storage days was influenced by the level of α-TOC in the diet and showed a dose-dependent response (P < 0.05; Table 3 ). Maximum α-TOC concentration was observed in the eggs from hens fed flax+ 150 IU/kg of α-TOC. Storage led to reductions in α-TOC content in Table 2 . Effect of feeding flax with different antioxidants on egg total saturated, monounsaturated, and n-3 and n-6 polyunsaturated fatty acids during storage a-e Means within a row with no common superscript differ (P < 0.05).
x-z Means within a column with no common superscript differ (P < 0.05). 1 ΣSFA = total saturated fatty acids; ΣMUFA = total monounsaturated fatty acids; Σn-3 = total n-3 fatty acids; Σn-6 = total n-6 fatty acids; ΣPUFA = total n-6 + n-3 polyunsaturated fatty acids. the α-TOC-supplemented groups. During the first 40 d of storage, 32, 28, and 12% decreases in α-TOC were observed in eggs from the flax + 50, flax + 100, and flax + 150 IU of α-TOC groups, respectively. A trend toward lower reduction in egg α-TOC at higher dietary inclusion was observed. However, this reduction was augmented between 40 and 60 d of storage. At the 60th day of storage, cumulative decreases in egg α-TOC were 53, 60, and 65% for eggs from hens fed flax + 50, flax + 100, or flax + 150 IU of α-TOC, respectively. The current study demonstrates that high levels of α-TOC in the diet produce eggs with α-TOC that is stable up to 40 d of storage and is reduced rapidly afterward. These findings corroborate previous results of Cherian et al. (2007) , who noticed depletion of α-TOC on ≥40 d storage. Franchini et al. (2002) also observed about a 40% decline in vitamin E concentration of regular eggs after 60 d of storage at 4°C. The difference in the extent of α-TOC decrease and duration of storage may be due to the fatty acid composition of the eggs. The decrease in α-TOC concentration of eggs upon storage may suggest the PUFA-protecting roles of α-TOC against oxidative damage. In this regard, α-TOC was better in protecting PUFA from depletion than BHT, confirming previous results obtained by other authors (Galobart et al., 2001) . No effect of storage on α-TOC content of control, flax, or flax + BHT eggs was observed.
Egg TBARS: Effect of Diet and Storage
Storage had no effect on TBARS (P < 0.41; Table  4 ). However, diet affected egg TBARS (P < 0.04). The lowest TBARS were observed in eggs from hens fed the control diet. The highest TBARS upon storage were found in the flax treatment with no added antioxidants (P < 0.05). Antioxidant type and level had minimal effect on egg TBARS. For control eggs, TBARS decreased after 60 d of storage (P < 0.0089). This is in agreement with the findings of Galobart et al. (2001) , who reported a decrease in primary and secondary oxidation products in eggs. These reductions could be due to the reaction of MDA with a variety of compounds that reduce the availability of MDA to react with TBA, resulting in lower production of TBARS (Esterbauer et al., 1991) . Malondialdehyde might also be polymerized to form dimers or trimers (Aubourg, 1993) , which might be a cause of lower TBARS values in eggs from the control, flax + 50 IU of α-TOC, flax + 100 mg of BHT, and flax + 150 mg of BHT diets upon storage. Similar reductions of TBARS in eggs stored for different durations have been reported by other researchers (Scheideler et al., 1997; Gebert et al., 1998; Galobart et al., 2001 ).
Conclusion
The current study demonstrates that egg yolk n-3 fatty acid and α-TOC content can be increased through diet manipulation. Consumption of 2 eggs from hens fed the 10% flax + 150 IU of α-TOC diet could contribute to more than 500 mg of n-3 fatty acids and 11 mg of vitamin E to the human diet. However, storage reduces egg long-chain n-3 and n-6 fatty acids and α-TOC, even in the presence of added α-TOC. Storage and antioxidant type and level had minimal effect on TBARS in eggs from hens fed flax along with antioxi- a-d Means within a column with no common superscript differ (P < 0.05).
x-z Means within a row with no common superscript differ (P < 0.05). dants. These data suggest that eggs with high levels of n-3 PUFA and α-TOC could be produced through hen diet manipulation. However, antioxidant supplementation is necessary to maintain long-chain fatty content and stability and protect PUFA during storage. Further research is needed to investigate the effect of different natural and synthetic antioxidants on fatty acid stability during storage at different time periods. 
